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Abstract

The structure that would be expected to develop when a fast
stream in the solar wind is embedded in a slower ambient wind is
discussed on the basis of gas dynamicil] This structure is compared
to that appearing in recurrentlgeomagnetic stormsd It is found
that the development of M region storms follows the expected struc-
ture of the solar wind stream. ‘The sudden commencements on some
M storms correspond to the Shock that is expected to occur in the
solar wind if the relative velocities of the fast stream face and

'fhe ambient wind are high enough. It is also shown that the typical
quiet initial“phase Qf the s.c. M storm corresponds tq the relatively
low veiocltyw};gionﬁii'space between the shock and the stream proper.
The main phase corresponds to the high velocity stream itself. In

pérticular the fast M streams detected by Mariner 2 and their

associated geomagnetic storms are discussed.

l. Introduction

-

It is well established that geomagnetic storms are caused by
the effects of the solar wind as it impinges on the magnetic field'
.of the earth. Although storms are thus explained in broad outline,
the details of the process are still very poorly understood.
Recently, an important step was taken when an analysis of the data

from the plasma probe on Mariner 2 [Snyder, Neugebauer, and Rao,

1963] showed that recurrent series of geomagnetic storms corre-

sponded to the appearance at the earth of streams qf*felatively




_3_

high veloeity solar plasma. The purpose of this paper is to

examine the expected structure of these streams as this structure

relates to the development of the geomagnetic storms on the sur-

face of thé earth. It has recently been pointed out by Mustel!

[1964] that M region storms often have sudden commencements. Thus,

the archetype of geomagnetic storms can be described in terms of

a suaaen commencement, an initial phase during which the intensity

of the horizontal component of the surface field remains relatively

high, and a main phase with a depressed and disturbed magnetic field.

No completely satisfactory theory of the main phase exists. It is

of interest ta ask if this storm structure must be due pPrimarily

to processes occurring within the magnetosphere, or if it may be

due directly to the structure of the impinging solar plasma stream.
In Section 2 below, the expected structure of the plasma stream

is described on the basis of a gas dynamic model, Section 3 deals

with the relationship'of this structure to the development of the

geomagnetic storm. .
2. The Structure of the Streaming Plasma

In this section the M region plasma stream will be discussed
on the basis of gas dynamics. Surface magnetic observations of
M region storms indicate that the M region stream lasts for many

months, or even years [Sinno, 1956; Tandon, 1956]. Five succes-

 sive recurrences of a single high velocity stream have actually

been observed in space [Snyder, Neugebauer, and Rao, 1963]. Thus,

the steady state that will be reached by the high veloclty stream

1mbedded in a relatlvely low veloc1ty solar wind will be described.

a
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The results of gas dynamics ﬁill be used. This approach has been . '
remarkably successful in describing the interaction of the sola; |
wind with the obstacle presented by the earth's dipole field
[Wolfe and Silva, 1964; Bridge et al., 1964; Ness, 1964]. Since,
in this paper, we are interested in gross characteristics only,
such as the existence or nonexistence of shocks, it is expected

that the corrections that would appear in a more exact approach

will not significantly alter the discussion. The reader is
referred to Landau and Lifshitz [1959] for derivations of the
results presented in this section.
As the high velocity stream advances into the interplanetary
. region the leading edge of the stream forms a spiral which mayl 3 |
be described by a hose angle in the same way as the magnetic

field direction [Chapmsn and Bartels, 194%0; Parker, 1963],

) C
o = arctan %7 D

where o is the inclination of the stream front to the radial
direction, v is the plasma velocity, r is the distance from the
sun;'and @ is the solar angular velocity. Since the hose angle
depends on velocity, it will be different for the quiescent plasma

and for the high velocity plasma. As a result, fast and slow streams

of plasma will come into collision with one another, the faster stream

advancing into the slower plasma [Parker, 1963]. If two masses of gas f%f

e
1

come into collision at high enough relative velocities, shocks and
a tengential discontinuity will form at the boundary between the

two gases [Lendau and Lifshitz, 1959; Dessler and Fejer, 1963].
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The front 5f the fast stream advances into the slower quiescent
plasma with a velocity given by

Vg = (V- v)sin o
where VR is the relative velocity of the plasma front in a
direction normal to the face of the fast stream, V and v are
the streaming velocities of the fast and quiescent plasmas,
respectively, and o is the hose angle appropriate to the ?
enhanced stream. The coordinate system is one in which the
observer is at rest with respect to the sun. If VR 1s super-
sonic, a shock will form. :

The plasma measurements made‘by Mariner 2 indicated that the
velocities of the quiescent plasmza were in the range of 300 to
500 km/sec while enhanced plasme velocities are known from sudden
commencement storm studies to range to above 1000 km/sec.  Figure 1 A 1

' Figure 1 ]
shows the relative velocities VR, for a range of quiescent and . ;
enhanced velocities. Since the sound speed in the plasms is of
the order of 50 km/sec, the relative velocity can become super-
sonic, and shocks and a tangential discontinuity will form.

We note that the béundary conditions at a shock permit a.sudden
change of pressure across the shock, as well as a change in the
normal component of the velocity. The tangential components of
the velocity are continuous acrosé the shock and there is a mass
flux across it. At the tangential discontinuity, where the two

streams of gas come together, there is no mass flux, and the f
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pressures on either side of the discontinuity are equal. However,
as the name of this discontinuity implies, any change in the

tangential component of the velocity is permitted.

The fast M region stream imbedded in a quiescent gas is a steady-

state problem. In order to be able to describe the structure of the
stream as it will appear after several months we must see how the
various discontinuities will evolve in time; that is, in the steady
state, where will the two shocks be relative to the surface of
contact between the two streams of gas?

An observer at rest with respect to the tangential discontinuity
will observe gas flowing_across both shocks toward the tangential
discontinuity. See Figure 2. If this material has nowhere to go,
the shock will move farther away from the tangential discontinuity.
Thus, if the front of the stream were a plane, the shocks would move
farther and farther away from the contact surface. However, for a
nonplanar front to the stream, the shock will move away from the
contact surface until an equilibrium standoff distance is reached,
vhere the amount of material that flows in across the shock is
equal to the amount that flows out of the standoff region. Now,
when material passes through the shock the stream lines are bent
toward the shock as shown in Figure 2 [Landau and Lifshitz, 1959].
In the case of a convex surface the stream lines diverge and the
material flows around the object and a steady-state shock standoff
distance exists. The standoff distance depends on the radius of

curvature of the front and on the Mach number [Hayes and Probstein,

1959]. The curvature of the stream face referred to occurs in the

Figure 2

S
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plane perpendicular to the ecliptic. No equilibrium distance
exists for a shock parallel to a concave surface. Therefore, in
the steady-state M stream there will not be a shock parallel to
the stream front in the fast stream.

The relations between the structure of the fast stream and
the events that make up an M region magnetic storm are to be
discussed. The structure will be summarized below as‘it will be
seen from the earth as the stream sweeps across. Particular
emphasis will be put on those variables that are related to
surface magnetic events.

a. The first change that occurs as the stream approaches the
earth is the arrival of the shock that precedes the stream. There
is a sudden change in pressure, velocity, and density across the
shock. Note that the shock will only exist if the relative veloc-
ities are sufficiently high.

=23 The earth then enters the standqff region. The pressure and
density remain high. The velocity is made up of two major com-
ponents, the streaming velocity of the undisturbed quiescent
plasma plus the flow out of the way of the advancing nose of the
fast stream. Near the nose of the fast stream the plasma in the
standoff region will be pushed forward with the velocity of the
fast front. The width of the standoff region depends on the
shape of the front of the enhanced plasma stream and on the Mach
number .

c. The tangential discontinuity appears at the end of the standoff

region. There is no change of pressure at this point, but there is




a change in velocity, to that of the radially streaming fast plasma.
The density may change by any amount. This discontinuity is highly
unstable in gas dynamics and unless stabilized by the presence of a
magnetic field will be broadened into a turbulent transition region.
This region will exist even if the relative velocities of the stream
and the quiescent plasma are not high enough to cause a shock to
form.

d. The enhanced stream proper now appears.

It has been suggested [Sarabhai, 1963],on the basis of a
particle picture,that a cavity would appear behind the M stream.
In a gas dynamical picture, such a cavity would not form. The con-
ditions behind the stream will be very complex and no attempt will | \\\

be made to describe them.

3. Comparison With Geomagnetic Storms

In this section, the effects of these discontinuities and
regions on surface magnetic variations are discussed. It is con-
sidered that a sudden increase in the product of the densify and
the square of the velocity will cause a sudden decrease in the size
of the earth's magnetosphere, and a surface sudden commencement.
Also, it is assumed that high plasma velocity is associated with
high values of surface magnetic disturbance index, Ap [Snzger et al.,
1963]. No assumptions are made as to the physical causes of this
association.

The paragraphs below are numbered to correspond with the regions

and discontinuities listed above.

et e et e e




a. The Shock. The shock corresponds to a sudden commencement. §
Thus, if the relative velocity of the two streams is high enough,
an M stream storm should have an s.c. In order to search for these

sudden commencements the musical diagrams [Bartels and Veldkamp,

1950-1956] were examined for the years 1950 to 1955. During that
period there were 58 geomagnetic storms that clearly belonged to
well-defined recurrent series. The musical diagrams indicated
that 20 of the disturbances began with sudden commencements, while

38 did not. Figure 3 shows the musical diagrams for an outstanding

Figure 3
series in 1953. A small triangle indicates a sudden commencement. f
Note that some recurrences exhibited sudden commencements while i
others did not. Figure 4 shows the onset of three storms of this f

Figure k& ?
series as observed at Honolulu. Note that the sudden commencements ’
are small and are followed by quiet initial phases of several hours
duration. These small s.c.'s and quiet initial phases are character-
istic of the sudden commencements associated with recurrent storm
series. ' : g

Recurrent geomagnetic storms, or M region storms, are sometimes
referred to as nonsudden-commencement storms. The reason for this
m;snomer is historical. Interest was originally centered on the é
problem of finding the differences between storms that started with i
a sudden commencement and those that did not. When storms were i
divided according to that criterion it was found that the nonsudden-

commencement storms recurred with each rotation of the sun, while

sudden commencement storms did not [Mustel!, 1957]. However, this
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is a statistical result. If the question is turned around, and
storms are divided into two groups on the basis of their recurrence
characteristics, we can then ask about the character of the storm é
onset for these groups. It is found that nonrecurrent storms begin
with sudden commencements, while recurrent storms sometimes show
a sudden commencement and sometimes do not [Mustel!, 1964].
Figure 5 again shows the velocity of the fast plasma front

Figure 5
relative to the quiescent plasma for various values of the stream-
ing velocities. 1Included in this figure are circles corresponding v I

to the values measured by the Mariner 2 plasma probe for the streams

present during Mariner's flight [Snyder, Neugebauer, and Rao, 1963].

BEach circle corresponds to the appearance of a stream of high

velocity plasma. The correlation between high velocities in the
solar wind and high values of Kp was excellent during the flight
of:Mariner 2. The shaded circles correspond to M storms for which ;
10-or more surface magnetic stations reported a sudden commencement.
The open circles are cases in which few or no stations reported
sudden commencements [Lincoln, 1963]. The half shaded circle is
a.doubtful case in which the sudden commencement appeared on the
surface about a half day to a day earlier than expected. Note that | ?
L orv5 out of 6 cases in which the relative velocity was greater :
than 125 km/sec showed a sudden commencement while 1 out of 1l cases :
showed a sudden commencement for lower relative velocities. The
relative velocity in many of the slower cases is still supersonic.

However, the Mach number is low, the standoff distance is large, and




the changes at the shock are small. Thus, the shock would be
relatively weak and will occur long before the gradual onset of .
the storm.

The lowest velocity point associated with a sudden commencement
must be discussed further. It corresponds to a sudden commencement
reported by 46 stations on the surface of the earth. The storm
must have been related to some event in space but the change in daily
mean plasma velocity at Mariner 2 was not enough to cause it.

Because of this, the detailed data from Mariner 2 were examined.
(The author would like to thank Conway W. Snyder and Marcia Neugebauer
for supplying the data prior to publication.)

If the surface magnetic event were associated with an M region
stream, then the positions of the earth and Mariner 2 and the
velocity of the solar wind were such that the events should have
appeared at the space probe and on the surface of the earth at about
the same time. There is no evidence for any velocity changes at that
time large enough to correspond to an M region stream shock.

On the other hand, if the surface magnetic event were associated
with an impulsive event, such as a flare on the sun, the disturbance
would be traveling radially outward and would arrive at Mariner 2
one day earlier than on the surface of the earth. The Mariner 2
data were examined for this period as well. No velocity changes of
any consequence were found. However, a large peak in number density
did occur at about the proper time [Neugebasuer and Sayder, 1964].

The number density increased fourfold some 20 hours before the




surface event. If this density change could maintain itself and
steepen as it propagated outward during the next 20 hours, it
could cause the s.c. without any velocity change in the wind.
The only other possibility that exists is that the event on the
earth's surface was caused by variations in solar wind parameters
that were of sufficiently small spatial extent that the "cloud"
hit the earth, but missed Mariner altogether.

In interpreting this event, it should be kept in mind that
not every s.c. must be caused by an M region and the arrival of a
very weak M stream and a rather strong s.c. at more or less the
same time is most likely a chance occurrence, and that this point
on Figure 5 is not necessarily a real disagreement.

b. The Standoff Region. The important parameters in this region

are the velocity and the density. The magnetosphere remains

compressed so that the surface horizontal field remains high.

The velocity can be approximated by a superposition of the velocity

of the undisturbed plasma and the velocity of the front of the

enhanced stream. Figure 6 shows the velocity in the standoff

' Figure 6

region for a range of quiescent solar wind velocities and of .

enhanced stream velocities. Note that the velocity in the standoff

region is not high. For example,'for a quiescent wind of 300 km/sec

the highest velocity expected is less than 500 km/sec. This corre-

sponds to a most probable Ap of 12 [Snyder, Neugebauer, and Rao,

1963]. Thus we expect quiet initial phases as observed.
The existence of quiet initial phases has been very difficult

to explain in the theory of geomagnetic storms. If all storms had
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quiet initial phases, then it would be a simple matter of finding

a process in which the main phase took a long time to develop. On
the other hand, if no initial phases were quiet then this would
imply that the enhanced plasma had immediate effects. The Aiffi-
culty is to explain the variability - some initial rhases are

quiet, some are not. It would be very satisfying if this differ-
ence could be explained as being due entirely to the low velocities
in the standoff region of M storm streams since in the case of flare
induced storms, the éhock travels radially.outward from the sun and
the velocity in the standoff region will be comparable to the
velocity of the plasma cloud itself. Thus, the initial phase of : : é
flare induced storms would not be expected to bé quiet. However,
an examination of the.magnetograms published by the Coast and
Geodetic Survey shows that not all quiet initial phases of sudden
commencement storms belong to storms arising from stable M streams;
Storms arising from M streams that last less than 3 or % solar
rotations cannot be distinguished from flare associated storms by
surface observations alone.

c.,d. The Turbulent Region and the Stream Proper. The magnetosphere

next sees the turbulent region that forms the boundary between the
enhanced stream and the quiescent stream. As this region crosses
the earth the direction and velocity of the plasma change. The
tail of the magnetosphere swings around and the magnetosphere sizé
will change. The velocity increases gradually as the stream proper

appears. This may correspond to the gradual onset of the main phase.
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On the other hand, since the main phase processes are not understood,
the gradual onset may also well be due to processes occurring within

the magnetosphere.
L. The Thickness of the M Stream

The development of an M region storm, then, closely parallels
the structure that would be expected to develop when a fast stream
of plasma interacts with the slower ambient plasma. The standoff
distance between the shock and the main stream depends on the
radius of curvature of the face of the stream. The pertinent
curvature is the curvature in plahe perpendicular to the ecliptic.

A measurement of the standoff distance of the shock would
permit an estimate of the radius of the nose of the stream. Now
the shock arrives at the earth at the time of the sudden commence-
ment, while the main phase does not develop until the earth is in
the main stream. It cannot be assumed that the main phase develops
as soon as the earth enters the main stream so that the length of
the initial phase of the geomagnetic storm gives a maximum for the
time of passage of the standoff region. If the onset of the main
phase is fairly sharp, this time can be measured. To find the width
of the standoff region further assumptions must be made as to the
streaming velocities involved as well as the ratio of specific heats
of the solar wind gas and the Mach number of the flow. Using
quiescent wind velocities between 300 and 500 km/sec, enhanced

velocities up to 1200 km/sec, a specific heat ratio of 5/3 and a
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Mach number of the order of %, it was found that, for a typical
initial phase lasting 5 hours,the radius of curvature of the nose
of the stream was of the order of 0.07 AU at the orbit of the earth.
If it is then assumed that the cross section of the nose of the
stream were somevhere near semicircular, the stream in the plane
perpendicular to the ecliptic would have a width of the order of

8° at a distance of 1 AU from the sun [Hayes and Probstein, 1959].

The length of the initial phases of 22 M region sudden commence-

ment storms ranged from 1-1/2 to 8 hours. The width of the streams

can be estimated at from 2° to 14°. This agrees well with a width

of 10° deduced from the semiannual variation in the appearance of
M region storms [Sinno, 1956; Preister and Cattani, 1962]. Note

that the length of the beam in the ecliptic plane is of the order

of 459, at the orbit of the earth.

5. Conclusions

It is found that the development of M region magnetic storms
follows the structure expected from a fast stream of particles
embedded in a slower solar wind. That is, the frequent appearance
of sudden commencements on M storms corresponds to the development
of shocks. The quiet initial phase reflects the low velocity stand-
off region. It was assumed that the development of the main phase
is correlated with the velocity of the solar wind as shown by
experiment. No particular mechanism was assumed to explain this

correlation.
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An estimate of the width of the M region in the meridian plane
from the size of the standoff distance of the shock gave reasonable

values.
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Figure Captions

Figure 1. The velocity of the front of the fast gas stream relative
to the quiescent gas as a function of the velocity within
the fast stream. Various values of velécity of quiescent
gas are shown.

Figure 2. Idealized gas flow across the shocks that may form when
two streams of gas come into contact.

Figure 3. Musical diagram showing a series of recurrent sudden

commencement storms [Bartels and Veldkamp, 1954].

Figure 4. The Coast and Geodetic Survey magnetometer records from
Honolulu showing 3 sudden commencement storms of the
Figure 3 series. The fourth sudden commencement of the
series was not discernible at Coast and Geodetic Survey
stations.H

Figure 5. M region streams observed by Mariner 2. The shaded
circles correspond to streams associated with sudden
commencements. The open circles correspond to streams
not associated with sudden commencements. The half
shaded point is a doubtful case.

Figure 6. The velocity in the standoff region as a function of
the velocity of the M stream flow for various values of

streaming velocity of the quiescent wind.
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